Abstract. The nuclear reaction models embedded in the FLUKA code cover hadron, ion, photon and neutrino induced nuclear interactions from energies as low as few tens of MeV up to several tens of TeV. A short description of the main physics ingredients in the FLUKA nuclear models is given, with emphasis on the intermediate energy range and on "exotic" reactions. The treatment of electromagnetic dissociation as recently implemented in FLUKA is described. Examples of performances are presented for illustrative situations covering some of the most typical FLUKA applications.
INTRODUCTION FIGURE 1.
Momentum-angle correlation of µ from Quasi Elastic Charged Current interactions of ν µ on free neutrons and on Oxygen nuclei FLUKA [1] is a Monte Carlo code able to simulate interaction and transport of hadrons, heavy ions and elec-proven capabilities in accelerator design and shielding, ADS studies and experiments, dosimetry and hadrotherapy, space radiation and cosmic ray shower studies in the atmosphere. The highest priority in the design and development of FLUKA has always been the implementation and improvement of sound and modern physical models. Microscopic models are adopted whenever possible, consistency among all the reaction steps and/or reaction types is ensured, conservation laws are enforced at each step, results are checked against experimental data at single interaction level. As a result, final predictions are obtained with a minimal set of free parameters fixed for all energy/target/projectile combinations. Therefore results in complex cases, as well as properties and scaling laws, arise naturally from the underlying physical models, predictivity is provided where no experimental data are directly available, and correlations within interactions and among shower components are preserved. Thanks to their accuracy and generality, the FLUKA hadronic models offer a suitable environment for "exotic" applications, like neutrino interactions and nucleon decay. Neutrino experiments are becoming more and more demanding on terms of simulation reliability and precision as they aim to study low probability processes like sub-leading oscillations or CP violation. Nuclear effects on neutrino interactions can have heavy consequences on the reaction kinematics, expecially for SubGeV neutrinos, that have to be faithfully reproduced. In FLUKA , ν interactions are embedded in the PEANUT (see next section) nuclear environment [2] , thus profiting from a longstanding development and benchmarking.
FLUKA HADRONIC MODELS
Since detailed descriptions of the FLUKA hadronic models and comparison with experimental data are available in the literature [4] , we give here only a short summary. The high energy range ( >5 GeV) is treated in the Glauber-Gribov formalism, that couples Glauber multiple scattering to a Dual Parton Model description of hadron-nucleon interactions. Nuclear effects on reaction products are described by a Generalized IntraNuclear Cascade (GINC) where the formation zone concept plays a fundamental role.
At lower energies, the intermediate energy hadronic model of FLUKA , called PEANUT is used. The reaction mechanism is modelled in PEANUT by explicit intranuclear cascade (INC) smoothly joined to statistical (exciton) preequilibrium emission [5] . INC modelling in PEANUT is highly sophisticated. Different nuclear densities are adopted for neutrons and protons, Fermi motion is defined locally including wave packet-like uncertainty smearing, the curvature of particle trajectories due to the nuclear potential is taken into account, binding energies are obtained from mass tables and updated after each particle emission, energy-momentum conservation including the recoil of the residual nucleus is ensured. Quantum effects are explicitely included: Pauli blocking, formation zone, nucleon antisymmetrization, nucleon-nucleon hard-core correlations, coherence length. Figure 1 shows the effects of the nuclear environments on the the kinematics of Quasi Elastic (QE) neutrino interactions. On a free nucleon, muons from the Charged Current reaction v µ n → µ p reaction exhibit a clear momentum-angle correlation from the two body kinematics, while on Oxygen the distribution is smeared by Fermi momentum, and suppressed at low momentum transfer by the Pauli principle and by differences in binding energies (B.E.).
Formation zone, that can be naively assimilated to a "materialization" time, is essential in reducing the reinteraction probability, and has strong effects on the observed particle multiplicity and spectra, as shown in Fig.2 for the case of ν µ interactions.
Pions deserve a special treatment, including manybody absorption based on in-medium characteristics of the ∆ resonance, and motion in a resonant optical potential. The effect of pion absorption can be dramatic, for instance in a ν µ interaction at 1 GeV on Ar, only 58% of the produced π escape from the target nucleus.
Independently from the original projectile energy, the equilibrium steps of the reaction include evaporation in competition with fission and gamma deexcitation. For light nuclei, a Fermi break-up model is implemented. Emission of energetic light fragments through the coalescence process is included all along the PEANUT reaction chain. The coalescence algorithm takes advantage of the knowledge of the space-time position of each emitted nucleon, as obtained from the cascade part or from the (geometry dependent) preequilibrium part. Particles are checked two-by-two, and they are lumped together whenever they are closer in phase-space than a given amount: the check is performed in the centre-ofmass system of the two particles, at the time which minimizes the relative spatial distance. Particles heavier than deuterons are formed by iterative accumulation of nucleons on clusters already formed in the previous steps of the process. Two examples are shown in Fig. 3 .
Fragmentation and validation at CERF
The FLUKA evaporation model, which is based on the Weisskopf-Ewing approach, has been continuously updated along the years, with the inclusion, for instance, of sub-barrier emission, full level density formula, analytic solution of the emission widths. The latest upgrade is the extension to the evaporation of nuclear fragments 4. Experimental and computed residual nuclei mass distribution for Ag(p,x)X at 300 GeV (top) and Au(p,x)X at 800 GeV (bottom) (data from [6] for silver, and [7] for gold) up to A ≤ 24, with impressive improvements in the low mass region of residual nuclei distributions (see for instance Fig.4 and in the production of critical radioisotopes, like 7 Be. Radioisotope production and residual dose rate evaluation have been tested against experimental data [8] 
In-medium cross sections
The free NN scattering amplitudes and cross sections must be properly modified for medium effects (Pauli blocking, coherence effects, etc.). The resulting in medium cross sections are density-dependent and smaller than σ NN f ree . There are several approaches, see for instance [10, 11, 12] , but one of open questions in microscopic models is the (proper) implementation of medium corrected nucleon cross sections. Double counting with explicit Pauli blocking (which is required to get physical events) is an issue, as well as proper correlations with the angular distribution. Figure 5 clearly shows the double counting when both in-medium cross sections and quantistic effects are taken into account (middle). The two alternative solutions, i.e. no in-medium σ with quantistic effects (left) and in-medium σ without quantistic effects (right) give similar results.
HEAVY IONS IN FLUKA
DPMJET [13] , a Monte Carlo model for sampling hadronhadron, hadron-nucleus and nucleus-nucleus collisions [15] is a relativistic QMD model which has been applied successfully to relativistic AA particle production over a wide energy range, from ≈ 0.1 GeV/n up to several hundreds of GeV/n. A RQMD-2.4 interface was developed to enable FLUKA to treat ion interactions from ≈ 100 MeV/n up to 5 GeV/n where DPMJET starts to be applicable. Several important modifications have been implemented in the RQMD code, in order to ensure energy-momentum conservation taking into account experimental binding energies, and to provide meaningful excitation energies for the residual fragments. The results of this modified model can be found in [16] 
Electromagnetic Dissociation
Coulomb excitation of a target nucleus by the electromagnetic field of the projectile cannot be neglected in certain cases. It gets important at high energies and results in electromagnetic dissociation (ED) of the projectile nucleus. The lowest order diagram of the reaction, in which a high energy ion A 2 interacts inelastically with a target nucleus A 1 is depicted in Fig. (6) . The cross section of this process σ EM gets increasingly large with the target atomic number Z and energy of the incident ion owing to the rise in the photon flux density n A 1 (ω).
According to the concept of equivalent photons σ EM
. A one photon process induced by peripheral collision of two ions factorizes into n A 1 (ω) and the cross section of the γA 2 interaction σ γA 2 (ω):
where ω is the energy of the quasireal photon. The cross section of the ED process is already relevant for few GeV/n ions incident on heavy targets -σ EM ≈ 1 b, which should be compared with σ nucl ≈ 5 b for 1 GeV/n Fe on Pb. The FLUKA model employs the standard approach developed for the evaluation of Eq. (1), which involves calculations of n A 1 (ω) in the Weizsäcker-Williams approximation, and the cross sections for the (quasireal) photonnuclear reactions σ γA 2 (ω). The latter are considered to be induced by the single (equivalent) photon absorption process.
In simulating ED the FLUKA model starts from elementary photon-nucleon and photo-nuclear cross sections stored in the program database. Most of data are taken from the experiments and are systematically updated. According to the FLUKA concept, all known physical processes responsible for electromagnetic excitation of nuclei -from the threshold of the photoneutron production reaction in the GDR region up to the TeV region are considered to contribute to σ γA 2 (ω). Such an approach can render the simulation procedure very time consuming if one employs numerical integration which folds the considered equivalent photon spectrum n A 1 (ω) and the cross sections σ γA 2 (ω). To avoid this problem, an analytical integration procedure has been developed for the latest version of the FLUKA model. In the energy intervals, in which theoretical or model description of σ γA 2 (ω) can not be considered as acceptable, experimental data (e.g. the spectra in the GDR energy range) are approximated with Bezier curves. It should be emphasized that the developed algorithm allows fast automatic fit of the input data and thus fast upgrade of the cross section database for hundreds of nuclides. The fit is performed without losing accuracy of the measured photo-nuclear cross sections: systematic uncertainties introduced by the fit are substantially lower than typical discrepancies between data on photo-nuclear reactions from different groups.
Application of the developed algorithm in the simulation of fragmentation reactions of beam ions essentially improved an agreement with experimental data near the high-end spectrum (in the region of the highest Z). The simulated charge cross sections evaluated for 10.6 AGeV Au ions incident on Al and Pb targets are presented in Fig. (7) together with the data available in the range 53 ≤ Z ≤ 80. We have also performed a simulation of the fragment charge cross sections for 158 AGeV Pb ions incident on six different targets for which experimental data were available in a much wider range of Z. The comparison of the simulated ED spectra with the data is shown with a dashed histogram in Fig. (8) . This figure demonstrates how the role of the ED process gradually increases with Z of the target. A non-negligible contribution of the ED reaction is found in the case of nearly symmetric fragmentation of the projectile on heavy targets (Au and Pb) shown by the dashed histogram in the central region of the spectra. 
CONCLUSIONS
The FLUKA hadronic interaction models provide reliable and predictive results for a large variety of applications, from high energy physics to dosimetry and exotic applications. Nevertheless, further developments are foreseen, and further checking will be performed as soon as new experimental data will become available. In particular:
• Further improvement of the evaporation/fragmentation model, with extended benchmarking against activation data collected in real life accelerator environment.
• Further improvement of particle production simulation at few GeV, with refinement of the resonance production and reinteraction model and of the transition from "normal" to Glauber cascade. • [20] covering the low energy range.
